JPET#76232
In 1998, star-shaped cells in the pancreas, namely pancreatic stellate cells (PSCs), were identified and characterized (Apte et al., 1998; Bachem et al., 1998) . In normal pancreas, stellate cells are quiescent and can be identified by the presence of vitamin A-containing lipid droplets in the cytoplasm. In response to pancreatic injury or inflammation, they are transformed ("activated") from their quiescent phenotype into highly proliferative myofibroblast-like cells which express the cytoskeletal protein α-smooth muscle actin (α-SMA), and produce type I collagen and other extracellular matrix components. There is accumulating evidence that activated PSCs play a pivotal role in the development of pancreatic fibrosis (Apte et al., 1998; Bachem et al., 1998; Haber et al., 1999; Masamune et al., 2002a) . It has also been suggested that PSCs may participate in the pathogenesis of acute pancreatitis Masamune et al., 2002c) . The molecular mechanisms responsible for PSC activation remain to be elucidated, but the activation of signaling pathways such as p38 mitogen-activated protein (MAP) kinase (Masamune et al., 2003c) , Rho-Rho kinase pathway (Masamune et al., 2003b) , and c-Jun N-terminal kinase (JNK) (Masamune et al. 2004 ) is likely to play a role. However, intracellular signaling pathways in PSCs remain largely unknown.
Protease-activated receptor-2 (PAR-2) is a G protein-coupled receptor for trypsin and mast cell tryptase (Nystedt et al., 1994) . Trypsin and tryptase cleave within the extracellular N-terminus of PAR-2 at 33 SKGR↓SLIGRL 42 , yielding a tethered ligand (SLIGRL for rat PAR-2) that binds to the second extracellular loop, followed by the activation of the receptor (Nystedt et al., 1994) . Synthetic peptides corresponding to this tethered ligand domain selectively activate PAR-2 without proteolysis. Previous studies have shown that PAR-2 is widely expressed in human tissues with especially high levels in the pancreas, liver, kidney, small intestine, and colon (Nystedt et al., 1994; Bohm et al., 1996) . High expression of PAR-2 in the pancreas is particularly interesting because trypsin is prematurely autoactivated within the inflamed pancreas and is believed to contribute to the development of pancreatitis (Hofbauer et al., 1998) . It is therefore likely that trypsin cleaves and activates PAR-2 during pancreatitis. Tryptase may also trigger PAR-2 in the pancreas during inflammation, when mast cells are present (Zimnoch et al., 2002) . Recent studies have suggested the role of PAR-2 in the pathogenesis of several inflammatory diseases such as intestinal inflammation (Cenac et al., 2002) and arthritis (Ferrell et al., 2003) . But PAR-2 expression and possible regulation of cell functions in PSCs are unknown. We here show that activated PSCs JPET#76232 expressed PAR-2 and that PAR-2 agonists induced proliferation and collage synthesis in
PSCs.
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Materials and Methods
Activating and control reverse PAR-2 peptides were synthesized with amidated C termini (purity>95 %; Thermo Hybaid, Ulm, Germany). The sequences of the active and control peptides of PAR-2 were SLIGRL-NH 2 and LRGILS-NH 2 , respectively (Nystedt et al., 1994) . Bovine trypsin was from Wako Pure Chemical (Osaka, Japan).
Collagenase P and recombinant human interleukin (IL)-1β were from Roche Applied Science (Mannheim, Germany (4-(4-flurophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole) were from Calbiochem (La Jolla, CA). Rabbit antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from Trevigen (Gaithersburg, MD). Nafamostat mesilate (6-amidino-2-naphthyl p-guanidinobenzoate dimethanesulfonate) was a generous gift from Torii Pharmaceutical Co. (Osaka, Japan). All other reagents were from Sigma-Aldrich (St. Louis, MO) unless specifically described.
Cell culture
All animal procedures were performed in accordance with the National Institutes of Health Animal Care and Use Guidelines. Rat PSCs were prepared from the pancreas tissues of male Wistar rats (Japan SLC Inc., Hamamatsu, Japan) weighting 200-250 grams as previously described using the Nycodenz solution (Nycomed Pharma, Oslo, Norway) after perfusion with 0.03 % collagenase P (Masamune et al., 2003a) .
The cells were resuspended in Ham's F-12 containing 10 % heat-inactivated fetal bovine serum (ICN Biomedicals, Aurora, OH), penicillin sodium, and streptomycin sulfate.
Cell purity was always more than 90 % as assessed by a typical star-like configuration This article has not been copyedited and formatted. The final version may differ from this version. and by detecting vitamin A autofluorescence. Cells were passaged using 0.5 mM ethylenediaminetetraacetic acid in phosphate-buffered saline. All experiments were performed using culture-activated cells between passages two and five except for those using freshly isolated PSCs. Unless specifically described, we incubated PSCs in serum-free medium for 24 hours before the addition of experimental reagents. For some experiments, trypsin was boiled in a water bath for 10 minutes.
Expression of PAR-2 in PSCs
Expression of PAR-2 in PSCs was assessed by Western blotting and reverse transcription-polymerase chain reaction (PCR).
Western blotting
Western blotting was performed as previously described (Masamune et al., 2002d The levels of α-SMA and GAPDH were determined in a similar manner. Densitometric analysis was carried out using the NIH Image 1.63 program (National Institute of Health, Bethesda, MD).
Reverse transcription-PCR
Nuclear extracts preparation and electrophoretic mobility shift assay
Nuclear extracts were prepared, and electrophoretic mobility shift assay was performed as previously described (Masamune et al., 1996) . Double-stranded oligonucleotide probes for NF-κB (5'-AGTTGAGGGGACTTTCCCAGGC-3') and AP-1 (5'-CGCTTGATGAGTCAGCCGGAA-3') were endlabeled with [γ- 
Assessment of MAP kinase activation
Activation of MAP kinases was examined by Western blot analysis using anti-phosphospecific MAP kinase antibodies as previously described (Masamune et al., 2002d) . These antibodies recognize only phosphorylated forms of MAP kinases, thus allowing the assessment of activation of the kinases. The levels of total MAP kinases and IκB-α were also determined by Wester blotting.
Cell proliferation assay
Cell proliferation was assessed using two parameters: rate of DNA synthesis as measured by the incorporation of 5-bromo-2'-deoxyuridine (BrdU) and cell counting. Cells were fixed, and incubated with peroxidase-conjugated anti-BrdU antibody. Then the peroxidase substrate 3,3',5,5'-tetramethylbenzidine was added, and BrdU incorporation was quantitated by differences in absorbance at wavelength 370 minus 492 nm.
Cell counting
After 72-hour-incubation, cells were detached by gentle trypsinization and counted using a haemocytometer.
Chemokine measurement
After 24-hour-incubation, cell culture supernatants were harvested and stored at -80 o C until the measurement. The levels of monocyte chemoattractant protein-1 (MCP-1) and cytokine-induced neutrophil chemoattractant-1 (CINC-1) in the culture supernatants were measured using commercial kits (Pierce, Woburn, MA; Panapharm Laboratories, Udo, Japan) according to the manufacturers' instruction.
Collagen assay
New collagen synthesis in PSCs was determined by measuring the incorporation of [ 3 H]-proline into collagenase-sensitive proteins as previously described (Agelli et al., 1988) . PSCs were treated with or without PAR-2 agonists for 20 hours in serum-free medium. Then, PSCs were labeled for 24 hours with 2 µCi/ml [ 3 H]-proline in Ham's F-12 medium containing the PAR-2 agonists plus 100 µg/ml ascorbic acid and 100 µg/ml β-amino-proprionitrile. At the end of the incubation, cells were harvested, pooled with the culture supernatant, and sonicated. Proteins were precipitated with 10% trichloroacetic acid, and the pellet was solubilized with 0.2 N NaOH. After neutralization, samples were divided into 2 equal aliquots. One aliquot was incubated with 25 µg/ml collagenase for 2 hours at 37 o C, and the other was treated with vehicle.
This article has not been copyedited and formatted. The final version may differ from this version. Collagenase-resistant proteins were separated from the released collagen peptides by trichloroacetic acid precipitation. Radioactivity in the trichloroacetic acid-soluble fraction was measured in a liquid scintillation counter, and new collagen synthesis was determined by the difference between the radioactivities found in the collagenase-treated and vehicle-treated aliquots, and normalized for total cellular DNA.
Effect of PAR-2 agonists on the transformation of freshly isolated PSCs in culture
Freshly isolated PSCs were treated with or without trypsin (at 10 nM), activating peptide (at 25 µM), or TGF-β1 (at 10 ng/ml) in serum-free medium. After 7-day-incubation, morphological changes characteristic of PSC activation were assessed after staining with glial fibrillary acidic protein (GFAP) as previously described (Masamune et al., 2003d ) using a streptavidin-biotin-peroxidase complex detection kit (Histofine Kit; Nichirei, Tokyo, Japan). Briefly, cells were fixed with ice-cold methanol, and then endogenous peroxidase activity was blocked by incubation in methanol with hydrogen peroxide for 5 minutes. After immersion in normal rabbit serum, the slides were incubated with mouse anti-GFAP antibody overnight at 4 o C. The slides were incubated with biotinylated goat anti-mouse Ig antibody, followed by peroxidase-conjugated streptavidin. Finally, color was developed by incubating the slides for several minutes with diaminobenzidine (Dojindo, Kumamoto, Japan). As a control, the primary antibody was replaced with phosphate-buffered saline. In addition, total cellular proteins (approximately 25 µg) were prepared after 7-day-incubation, and the levels of α-SMA and GAPDH were determined by Western blotting.
Statistical analysis
The results were expressed as mean + standard deviation (mean + SD).
Experiments were performed at least three times, and similar results were obtained.
Representative luminograms and autoradiograms are shown. Differences between the groups were evaluated by ANOVA, followed by Fisher's test for post hoc analysis. A p value less than 0.05 was considered statistically significant.
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Results
PAR-2 was expressed in culture-activated, but not freshly isolated, PSCs
Freshly isolated PSCs were induced to transform to a myofibroblast-like phenotype by culture on plastic in serum-containing medium. Progressive activation of
PSCs following plating on plastic was demonstrated by their expression of α-SMA (Fig.   1A) . Western blotting showed that PAR-2 was undetectable in PSCs on day 1, but was highly expressed in culture-activated PSCs on day 14 (Fig. 1B, 1C) . PAR-2 was detected as a single band of ~55 kDa, and this band could be eliminated from the blot by prior incubation of the antibody with the relevant PAR-2 peptide used to generate the antibody. In agreement with the result of Western blotting, mRNA of PAR-2 was undetectable in PSCs on day 1, but was highly expressed in PSCs on day 14 (Fig. 1D ).
PAR-2 agonists induced proliferation of PSCs
Trypsin increased DNA synthesis in a dose-dependent manner, with peaking around 10 nM (Fig. 2A) . In this experiment, trypsin up to 25 nM did not affect the cell viability during the incubation as assessed by trypan blue exclusion test (data not shown).
However, when PSCs were treated with trypsin above 25 nM, cytotoxic effects were observed. Other PAR-2 agonists, tryptase and PAR-2 activating peptide, also induced DNA synthesis, whereas control peptide was ineffective (Fig. 2B) . Similar to the results obtained with DNA synthesis assay, PAR-2 agonists increased the cell numbers (Fig. 2C ).
Trypsin-induced mitogenic effect was abrogated if trypsin was heat-inactivated, or in the presence of nafamostat mesilate (at 10 µM), a serine protease inhibitor (Aoyama et al., 1984 ) (data not shown).
PAR-2 agonist increased collagen synthesis
PAR-2 agonists significantly increased the collagen synthesis (Fig. 3A) .
Trypsin-induced effect on the collagen synthesis was abrogated if trypsin was heat-inactivated, or in the presence of nafamostat mesilate. On the other hand, IL-1β induced MCP-1 and CINC-1 production, but PAR-2 agonists did not (Fig. 3B ).
PAR-2 agonists activated AP-1, but not NF-κB
Both trypsin and activating peptide, as well as IL-1β, increased the AP-1 binding activity (Fig. 4A) . The specificity of AP-1-specific DNA binding activity was demonstrated by the addition of a 100-fold molar excess of unlabeled AP-1 oligonucleotide, but not by unrelated NF-κB oligonucleotide in competition assays (data not shown). In contrast, NF-κB binding activity was induced by IL-1β, but not by trypsin or activating peptide (Fig. 4B) . Phosphorylation and degradation of the inhibitory protein IκB-α, and subsequent dissociation of this protein from NF-κB are thought to be necessary for the activation (Grilli et al., 1993) . We also examined the effect of trypsin and activating peptide on the degradation of IκB-α by Western blotting.
IL-1β, but not PAR-2 agonists, induced degradation of IκB-α, further supporting that PAR-2 agonists did not activate NF-κB (Fig. 4C ).
PAR-2 agonists activated MAP kinases
Trypsin and activating peptide activated extracellular signal-regulated kinase (ERK), JNK, and p38 MAP kinase in a time-dependent manner around 5 to 15 minutes (Fig. 5A , 5B). Tryptase also activated these MAP kinases whereas boiled trypsin, control peptide, and trypsin in the presence of nafamostat mesilate all failed to activate MAP kinases (Fig. 5C ).
Differential roles of MAP kinases for proliferation and collagen synthesis
To clarify the role of activated MAP kinases for PAR-2-mediated proliferation, we employed specific inhibitors of MAP kinases. We have previously shown that SP600125 specifically inhibited JNK (Masamune et al., 2004) , and that SB203580 specifically inhibited p38 MAP kinase (Masamune et al., 2003c) in PSCs. Activation of ERK by trypsin and activating peptide was abolished in the presence of U0126 (data not shown), which specifically inhibits MAP kinase kinase and consequent ERK activation.
U0126 inhibited PSC proliferation in response to PAR-2 agonists (Fig. 6A ). SP600125
and SB203580 did not affect proliferation.
SP600125 and SB203580 inhibited collagen synthesis in response to PAR-2 agonists (Fig. 6B) . In contrast, U0126 did not affect the collagen production. Thus, PAR-2 agonists increased the collagen synthesis through the activation of JNK and p38
MAP kinase but not ERK.
PAR-2 agonists did not initiate the activation of freshly isolated PSCs
This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 7A) . In contrast, PSCs treated with trypsin or activating peptide were small and circular, with lipid droplets present in many cells and with slender dendritic processes (Fig. 7B, 7C) , as in the case of PSCs treated with serum-free medium only (Fig. 7D) . In agreement with the morphological changes, significant expression of α-SMA was observed on day 7 in TGF-β1-treated PSCs, whereas trypsin and activating peptide did not increase the expression (Fig. 7E) .
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Discussion
There is accumulating evidence that activated PSCs play a key role in the pathogenesis of pancreatic fibrosis and inflammation (Apte et al., 1998; Bachem et al., 1998; Haber et al., 1999; Masamune et al., 2002a; Masamune et al., 2002c) . We here showed for the first time that PAR-2 agonists induced proliferation and collagen synthesis of culture-activated PSCs, the two major hallmarks in the development of pancreatic fibrosis. All of the PAR-2 agonists examined showed similar effects. Control peptide, heat-inactivated trypsin, and trypsin in the presence of the serine protease inhibitor nafamostat mesilate were ineffective, suggesting that the effects of trypsin were mediated through its proteolytic action on PAR-2. MAP kinases play differential roles in the PAR-2-mediated proliferative and fibrotic responses; PAR-2-agonists induced PSC proliferation through the activation of ERK, whereas collagen synthesis was mediated by JNK and p38 MAP kinase. PAR-2 was expressed in culture-activated PSCs, whereas it was almost undetectable in freshly isolated PSCs. Therefore, prior activation of PSCs might be necessary for PAR-2 agonists to elicit effects on PSCs. Indeed, PAR-2 agonists failed to induce the transformation of quiescent PSCs to the activated, myofibroblast-like phenotype. The finding that activated PSCs expressed PAR-2 is in agreement with the recent report showing that strong PAR-2 expression was observed in the tissues of chronic pancreatitis accompanied by severe fibrosis (Ikeda et al., 2003) . Previous studies have suggested that cytokines and growth factors such as TGF-β1, tumor necrosis factor-α, and oxidative stress induced the transformation of quiescent PSCs (Schneider et al., 2000) . During the course of pancreatitis, these mediators are released or produced from inflammatory cells, platelets, and pancreatic acinar cells (Gukovskaya et al., 1997; Apte et al., 1999; Schneider et al., 2000) , leading to the activation and PAR-2 expression in PSCs. Once activated, PSCs are sensitive to PAR-2 agonists and show proliferative and fibrogenic responses.
Previous studies have suggested that the effects of PAR-2 activation on cell growth varied, depending on the cell type. PAR-2 agonists inhibited colony formation of A549 lung adenocarcinoma cells (Bohm et al., 1996) , whereas PAR-2 agonists increased proliferation of hepatic stellate cells (Gaca et al., 2002) . The molecular mechanism responsible for PAR-2-mediated proliferation remains to be fully elucidated, but the role of ERK has been suggested in several cells (Belham et al., 1996; Gaca et al., 2002) .
Along this line, we here showed that PAR-2 agonists induced the activation of ERK and PAR-2-independent mechanisms (Belham et al., 1996; Akers et al., 2000; Brown et al., 2002) . In vascular smooth muscle cells, trypsin stimulated the activation of MAP kinase cascade by PAR-2-dependent mechanism, whereas activation of MAP kinase by trypsin in vascular fibroblasts was independent of PAR-2 (Belham et al., 1996) . Although tryptase stimulated proliferation of human adult dermal fibroblasts, the PAR-2 activating peptides had no effect, suggesting that tryptase was acting via PAR-2-independent mechanisms (Akers et al., 2000) . Tryptase-induced mitogenic responses in human airway smooth muscle cells were shown to be largely via non-proteolytic mechanisms (Brown et al., 2002) . On the other hand, Frungieri et al. (2002) showed that the proliferative effects of tryptase and PAR-2 activating peptide in human fibroblasts were inhibited by a cyclooxygenase-2 inhibitor and a peroxisome proliferator-activated receptor-γ antagonist, suggesting a role of cyclooxyganase-2 and peroxisome proliferator-activated receptor-γ in the proliferative response. But the role of peroxisome proliferator-activated receptor-γ for proliferative response is unlikely in PSCs, because our previous study showed that peroxisome proliferator-activated receptor-γ ligands did not increase, but decreased, the proliferation of PSCs (Masamune et al., 2002a) .
It has been shown that PAR-2 is abundantly expressed in the pancreas, both in pancreatic acinar cells (Kawabata et al., 2002) and duct epithelial cells (Nguyen et al., 1999) . PAR-2 plays a physiological role in the secretory functions in the pancreas;
PAR-2 activation resulted in pancreatic amylase secretion (Nystedt et al., 1994; Kawabata et al., 2002) , and increased Ca 2+ -activated Cl -and K + conductances in pancreatic duct epithelial cells (Nguyen et al., 1999) . PSCs are located mainly in the interlobular areas and interacinar regions of the pancreas, and comprise about 4 % of all pancreatic cells (Apte et al., 1998; Bachem et al., 1998) . Because quiescent PSCs do not express PAR-2, it seems unlikely that PAR-2 plays a physiological role in the cell mediators such as IL-1 and tumor necrosis factor-α (Nystedt et al., 1996) . Interestingly, et al. (2001) showed the transformation of PAR-2-negative to PAR-2-positive fibroblasts in response to scrape wounding in vitro, indicating that cell damage relays a signal for PAR-2 induction.
PAR-2 may play a proinflammatory role through the cytokine production. It has been shown that PAR-2 agonists induced the activation of NF-κB and consequent cytokine production in human dermal microvascular endothelial cells (Shpacovitch et al., 2002) . Activated PSCs acquire the proinflammatory phenotype; they may modulate the recruitment and activation of inflammatory cells. We have shown that proinflammatory cytokines such as IL-1β and tumor necrosis factor-α induced the expression of MCP-1
and intercellular adhesion molecule-1 in PSCs (Masamune et al., 2002a; Masamune et al., 2002c) . In this study, PAR-2 activation activated MAP kinases, but failed to induce the activation of NF-κB and the consequent expression of MCP-1. This is in agreement with our previous findings that activation of MAP kinases was required but not sufficient for optimal MCP-1 expression in PSCs (Masamune et al., 2002b; Masamune et al., 2004) .
The failure of MCP-1 induction does not exclude the role of PAR-2 in the development of pancreatic inflammation and fibrosis, because MCP-1 might be induced by proinflammatory cytokines released from inflammatory cells and pancreatic acinar cells during the course of pancreatitis (Gukovskaya et al., 1997; Apte et al., 1999; Schneider et al., 2000) .
Very recently, Namkung et al. (2004) reported that PAR-2 plays a dual role in acute pancreatitis; PAR-2 protected acinar cells against pancreatitis-induced cell damage and death whereas it mediated or aggravated the systemic complications of acute pancreatitis. They showed that PAR-2 activating peptide protected against a relatively mild form of intrapancreatic injury induced by a single intraperitoneal injection of cerulein. In vitro, PAR-2 activating peptide decreased acinar cell death induced by bile acids at low concentrations, whereas cell death induced by bile acids at high concentrations were not altered. Thus, PAR-2 is likely to serve as an acute local defense mechanism, which appears not to be very strong. Once the PAR-2 defense mechanism is effects of PAR-2 in inflammation have also been reported in colon; PAR-2 activation protected against 2,4,6-trinitrobenzene sulfonic acid-induced colitis (Fiorucci et al., 2001 ) whereas PAR-2 plays a detrimental role in radiation-induced fibrosis (Wang et al., 2003) . Further studies using neutralizing antibodies, PAR-2 antagonists, or PAR-2 knockout mice (Ferrell et al., 2003) will be required to establish the role of PAR-2 in the development of pancreatic fibrosis in vivo.
There is accumulating evidence that proliferative action of mast-cell tryptase plays a role in the pathogenesis of human fibrotic disorders (Akers et al., 2000; Frungieri et al., 2002) . For example, mast cell tryptase stimulated the proliferation of human lung fibroblasts via PAR-2, thus playing a role in the fibro-proliferative response observed in bronchial asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis (Akers et al., 2000) . Tryptase may contribute to the development of the renal interstitial fibrosis through the proliferation and extracellular matrix protein production of renal interstitial fibroblasts (Kondo et al., 2001) . Zimnoch et al. (2002) showed that the number of degranulated mast cells was increased in chronic pancreatitis with more severe fibrosis.
Our results support a role of tryptase for the development of pancreatic fibrosis via PAR-2 mediated proliferative and fibrogenic actions on PSCs. Elucidation of the role of PAR-2 activation in the pancreas would provide better understanding and rational approaches for the control of pancreatic fibrosis and inflammation.
